The major objective of this study is to develop a modelling method for estimating the biodynamic responses distributed at the fingers and the palm of the hand based on the total driving-point mechanical impedance of the entire hand-arm system. A five degrees-of-freedom (DOF) model with a set of constraints proposed in this study was used in the estimation. Three sets of mechanical impedance data measured at the fingers and palm of the hand were used to examine the validity of the proposed method. The estimated response distributed at the palm was consistent with the measured data even when the real part of the impedance alone was used in the modeling (coefficient of correlation, r 2 ≥ 0.902). Better agreements between the estimated and measured responses were obtained (r 2 ≥ 0.929) when the magnitude and phase of the total impedance or the magnitude alone were used in the modeling estimation. In each case, the estimated response distributed at the fingers was also reliably correlated with the experimental data (r 2 ≥ 0.726) but it was not as consistent with the experimental data as that distributed at the palm was. The applications of the proposed method were also demonstrated using five other sets of reported experimental data. This study also demonstrated that the modeling method may also be used to assess the quality of the experimental data in some cases. As a special application of the acceptable data identified in this study, this study also defined a 2-DOF model for the construction of a hand-arm simulator for tool tests. The results of this study and the proposed modelling method are expected to contribute to the revision of the ISO 10068 (1998).
Introduction
Hand-transmitted vibration exposure is one of the major hazards in the operations of many vibrating tools. The exposure could cause discomfort, injury and disorder, mainly depending on the severity of the vibration and the duration of the exposure (Griffin, 1990; ISO 5349-1, 2001 ). The discomfort, injury and disorder are generally location-specific. For example, vibrationinduced white finger usually occurs only in the fingers and hands, which is a unique component of the hand-arm vibration syndrome (HAVS). Besides the anatomical structures and the pathphysiological reasons, the location-specific characteristic is also likely because the vibrationinduced tissue biomechanical responses distributed in the hand-arm system must also be associated with the vibration-induced physiological and pathological effects and these essential mechanical stimuli are also location-specific (Griffin, 1990; 1994; Dong et al., 2005) . Therefore, quantifying the distributed responses as functions of these influencing factors can help further understand the location-specific characteristics and develop more effective methods for assessing the risk of the vibration exposure and controlling the hand-arm vibration syndrome (Dong-JH et al., 2008) . Although a considerable number of studies on the biodynamic response have been reported, their distribution in the hand-arm system has been far from sufficiently quantified and understood.
One of the major approaches for studying the biodynamic response is to measure and simulate the driving-point apparent mass and mechanical impedance (Dong et al., 2001; 2005; Rakheja et al., 2002) . The hand-handle coupling relationship is vastly considered as a single-point contact in the reported studies (Mishoe and Suggs, 1977; Reynolds and Falkenberg, 1984; Lundström and Burström, 1989; Hempstock and O'Connor, 1989; Hesse, 1989; Jandak, 1989; Burström, 1990; Gurram et al., 1995a; Kihlberg, 1995; Marcotte et al. 2005) . Such an approach simplifies the complexity of the hand structures and would be acceptable when the overall effect of the handarm apparent mass on the tool behavior is of concern for design analysis and/or experimental assessment of tools. This approach has also been adopted in the current ISO 10068 (1998), which was established on the basis of synthesis of some of the reported experimental data and models (Gurram et al., 1995b) . This approach, however, ignores the distributed characteristics of the interaction between the hand and the tool. Although some of these single-point coupling models could fit the experimental data reasonably well, it is very difficult to associate the response of a specific element in the model with a substructure of the hand-arm system (Dong et al., 2008a) , which makes it impossible to quantify and understand the response distribution. Furthermore, the vast majority of these models are not suitable for the design of a hand-arm simulator (Rakheja et al., 2002) , including those recommended in the current ISO 10068 (1998) (Dong et al., 2008a) . Further studies are thus necessary to improve the current standard.
Similar to the fingertip models, proposed by Wu et al. (2008) , a representative model of the entire hand-arm system could be developed using a finite element method. This approach, however, is computationally and technically demanding, primarily due to lack of definite nonlinear properties of different substructures and joints. While the development of such a finite element model remains a formidable task, a recent study has proposed two new mechanicalequivalent models that may be sufficient for some applications (Dong et al., 2007) . Unlike the other reported models, which invariably consider one-point coupling, these new models assume two-point coupling at the hand-handle interface. The new models can effectively describe the biodynamic responses measured at both the fingers and the palm of the hand (Dong et al., 2007; 2009; Dong-JH et al., 2008) , which is mostly attributed to the model structure that effectively takes into account the flexibility of the fingers relative to the remaining part of the hand. The majority of the modeling parameters could also be associated with the mechanical properties of the some substructures of the hand-arm system. Although these new models can not be used to estimate the detailed distributions of the biodynamic responses within the vibration-exposed hand-arm system, they can be used estimated the overall responses distributed in the major substructures of the hand-arm system, especially those close to the hand-handle coupling location (Dong et al., 2007; Dong-JH et al., 2008) . Although these models are still crude approximations of the hand-arm system, they have shown some potential to further understanding of the hand-arm vibration syndrome. For example, the frequency weightings derived from one of the new models have shown good correlation with those observed in several epidemiological studies of the hand-arm vibration syndrome (Dong-JH et al., 2008; Malchaire et al., 2001; Tominago, 2005; Griffin et al., 2003; Bovenzi, 2009 ). These models may also suffice for analysis of basic mechanisms of anti-vibration devices and their further developments (Dong et al., 2009 ).
However, the current two-point modeling method requires the experimental data of the BRs distributed at the fingers and palm of the hand (Dong et al., 2007) . Only a few sets of such data measured under limited testing conditions have been reported by one group of researchers (Dong et al., 2007; 2009; Dong-JH et al., 2008) . On the other hand, many other researchers have reported the total response of the entire hand-arm system. Many different hand forces, hand and palm postures, and subjects were considered in these studies. Therefore, it is useful to find whether the distributed responses can be reasonably estimated from these abundant data. Furthermore, some of these data include only the real part or the magnitude of the total biodynamic response, (Kihlberg, 1995; Kinne et al., 2001; Besa et al., 2007) . It is unknown whether the missing components of the response (phase and/or imaginary component) could be recovered from the reported partial data. It is also unknown whether the models could fit the biodynamic response of both hands frequently used in the operations of many tools ).
This study hypothesizes that the biodynamic responses distributed at the fingers and the palm of the hand could be estimated from the widely reported total biodynamic response measured at the hand-handle driving-point using a model-based method with a set of appropriate constraints. Furthermore, estimates of the missing components of the total measured response, namely the phase and/or imaginary part, could also be obtained using the model-based method. The primary objective of this study is to develop and evaluate such a model-based approach. Several examples are also presented to demonstrate the effectiveness of the proposed modelling method for estimating distributed responses. The proposed model-based approach also provided an opportunity to assess the quality of the experimental data. As a special application of the acceptable data identified in this study, a 2-DOF model of the hand-arm system is further defined using the reported two hand BR data for construction of a hand-arm system simulator.
Method
2.1 Hand-Arm System Model The hand-arm system model originally reported by Dong et al., (2007) was used in this study, which is shown in Figure 1 . The biodynamic response is expressed as the driving-point mechanical impedance (Z), defined as
where In F is the dynamic interaction force between the hand and the handle, V is the handle vibration velocity, 1 − = j and ω is the excitation frequency.
The model formulations provided the following relationships for computing the impedance values at the fingers (Z Fingers ), palm (Z Palm ), and the entire hand (Z Hand ):
where Y is the magnitude of handle displacement excitation, X 1 and X 2 are displacement amplitudes of masses on M 1 and M 2 , respectively, and subscripts Re and Im refer to the real and imaginary part of the complex impedance, respectively.
Model Constraints
Without any constraint, the solution of the total impedance in the above formulation is not unique, since it could be attained from different sets of distributed response components. The estimation of distributed responses from the total response would thus be theoretically unreliable. Consequently, additional information on the response distribution must be sought for formulation of a reliable two-point coupling model. One possible source of additional distribution information is the mass distribution of the handarm system. Although the dynamic mass of each substructure effectively involved in a response could be affected by the applied hand forces and the hand and arm posture, the static mass distribution of an individual's hand-arm system can be assumed unchanged in the vibration exposure. The mass parameters reported by Dong-JH et al. (2008) also revealed that some of the mass elements of the model do not change greatly with changes in the hand forces and the hand action. For example, increasing the grip force from 15 to 50 N resulted in only marginal changes in the finger contact mass (M 4 : 11 to 13 g), the finger effective mass (M 2 : 80 to 83 g), and the palm contact mass (M 3 : 25 to 31 g). These mass parameters were also very similar in cases involving 50 N grip alone, and combined 50 N grip and 50 N push. The reported mass values could thus serve as important basis for defining the ranges of mass parameters for model development. Considering the possible variations in hand and arm posture, vibration types, and subjects' anthropometry, a number of limit constraints were proposed in this study for model mass parameters for a group of male subjects exerting a combined grip and push action with one hand. These include: 
Another source of the additional distribution information is the distribution of the contact stiffness and viscous damping at the fingers and the palm of the hand. As expected, the contact stiffness of the fingers was much higher than that of the palm (Dong-JH et al., 2008) . These contact stiffness and damping values are unlikely to be greatly affected by the arm posture. However, they generally increase with increase in the applied contact forces. The combined 30±15 N grip and 50±15 N push action is of primary concern in the ISO 10068 (1998). The limit constraints for this condition were established from the reported parameters in three studies (Dong et al., 2007; 2009; Dong-JH et al., 2008) , and expressed as: 
The remaining stiffness and damping parameters of the model must also lie in a certain range. Greater uncertainties, however, would be expected in these parameters. Furthermore, the vibration transmission at low frequencies could be greatly influenced by the arm posture. A relatively wider range of limit constraints were thus imposed on these stiffness and damping parameters for the combined grip and push actions, which were estimated based on the parameters reported by Dong-JH et al. (2008) 
Methods for Determining Model Parameters
The specific values of the fifteen parameters for a given set of experimental data were determined by best fitting the model response (Z M ) to target experimental data (Z E ) using the widely used least root-mean-square (rms) error minimization method. Specifically, the model response Z M was obtained using the initial parameter vector, taken as the mid-points of the limit constraints defined in Eqs. (5)- (7). The error function (∆) between the model and target responses is generally expressed as:
where Z M_i and Z E_i are model and target responses, respectively, corresponding to center frequency of the i th third octave band, and N is the number bands used in the analysis. Different target functions, however, may be employed in the parameter identification task, which could affect the parameters as well as the quality of the model. The specific error function varies with the form of the available experimental data. When the responses distributed at both the fingers and palm of the hand are available, the error function (∆ D ) could be formulated as (Dong et al., 2007) :
where ∆ Fingers and ∆ Palm refer to the error functions of impedance measured at the fingers and the palm, respectively, derived using Eq. (8), and subscripts -Re and _Im refer to real and impedance components of the error functions. This function is referred to as the 'distributed method, hereafter.
When the total response of the entire hand-arm system is available, the error function (∆ T ), referred to as the 'total impedance method', is formulated as:
where ∆ Hand is the root mean square error in the total impedance of the hand-arm system computed using Eq. (8).
When only the magnitude of the total response is available, the error function (∆ M ), referred to as the 'magnitude method', can be formulated as:
where ∆ Hand_Mag is magnitude of the total hand-arm system response.
An error function based upon the real part of the total response (∆ R ), referred to as 'real part method', could also be formulated, such that:
Each of the above error functions represents a specific tactic in the determination of model parameters. Each of the error function minimization problem was solved by sequentially varying each of the fifteen parameters within the defined limit constraints. Although only minimal variations were observed in the parameters, a total of 30 cycle sequential searches were performed to assure error minimization. The resulting solutions were considered to be global minima. The error minimization program was developed in the MS Excel platform, which could be conveniently applied to solutions of other constrained error minimization problems..
Evaluation of the Modeling Method
The validation of each specific modeling tactic expressed in Eqs. (9) to (12) was performed by comparing the distributed impedances estimated from the total impedance measured in an experiment. The rms value defined in Eq.(8) and the coefficient of correlation (r-square value) for the curve fit were further computed and used to assess the goodness of each tactic.
Three sets of reported experimental data were used to evaluate these four modeling tactics for estimating the distributed impedances. The body postures and hand grip orientation specified in ISO 10819 (1996) were used in each of the experiments (Dong et al., 2006; 2009) . The vibration from an electric shaker was input to the right hand through an instrumented handle equipped with force sensors and accelerometers, which were used to measure the driving-point mechanical impedances distributed at the fingers and the palm of the hand along the forearm direction (see Fig. 1 ). The sum of the two impedances is equal to the total impedance of the entire hand-arm system (Dong et al., 2008b) , which is conventionally referred to as the z h -axis impedance (ISO 10068, 1998) . The first set of target data was measured with six subjects exerting 50 N grip and 50 N push force on the handle exposed to a constant-velocity sinusoidal excitation in the range of 16 to 1,000 Hz (Dong et al., 2007) . The second set of data was measured under a broad-band random excitation (10 to 1,000 Hz) with 10 subjects applying 30 N grip and 45 N push force and it was included in the study reported by Dong-JH, (2008) . The third set of data was also measured under the same broad-band random excitation as that used in the measurement of the second set of data but with six different subjects and a different instrumented handle (Dong et al., 2009 ).
Results

Comparison of Estimated and Measured Responses
Figures 2 to 4 illustrate comparisons of the estimated responses with the measured data using the three sets of the target data, respectively. The figures illustrate the responses of the models identified using different minimization functions, described in Eqs. (9) to (12). The results clearly show reasonably good agreements between the estimated and measured responses in the entire frequency range, irrespective of the data used in the parameter identification task. Tables 1  to 3 summarize the rms error and r 2 -values of the hand, plam and fingers responses obtained from each of the parameter identification methods using the three target datasets, respectively. The tables also present the mean rms error r 2 -values. The results generally show r 2 -values greater than 0.9, although a few exceptions can be observed for the estimated fingers response. The residual rms errors (∆) in each case are generally much less than the average inter-subject standard derivations (STD) of the measured data listed in Table 4 , which were calculated form the original experimental data reported by Dong et al. (2007) . The residual rms errors in many cases were also comparable with the average intra-subject STD.
The accuracy of the estimated distributed responses clearly relies on the modeling tactic. The first tactic (∆ D ) resulted in the lowest average residual rms error (≤ 7.5 N-s/m) and highest average r 2 -value (≥ 0.966), regardless of the experimental data used (see Tables 1-3 ). These indices describe the goodness of the fit and they are reliably better than those attained from the other tactics (paired t-test: p ≤ 0.031).
When the second tactic based on the total response method (∆ T ) is used, the highest r 2 -value and the lowest residual rms values are observed in fitting of the total response (see Tables 1-3 ). This would be expected since the target in the error minimization function is the total response of the hand-arm system. The model responses distributed at the palm also agree reasonably well the corresponding experimental data (r 2 ≥ 0.929). The model response distributed at the fingers, however, deviates from the experimental data in some of the frequency bands, but the general trends of the estimated response are consistent with those of the experimental data (r 2 ≥ 0.827).
Although only partial information of the total response is used in the third tactic based on the magnitude alone (∆ M ), the resulting model responses show surprisingly good agreement with the total response experimental data. This is also evident from the mean residual rms error mean r 2 -values (see Tables 1-3) , which are quite comparable with those of the second tactic.
The responses of the model identified using the fourth tactic based upon only the real component of the response (∆ R ) generally show larger differences with respect to those derived from models using the other tactics. This is particularly evident from the estimated response distributed at the fingers (r 2 ≥ 0.726). The results, however, suggest that model identification based on this approach also yields reasonably good agreements with the distributed measured data (r 2 ≥ 0.950) (see Tables 1-3) . Although the real part primarily represents the system's damping-related response, the magnitudes and phases of the entire hand model response and the response distributed at the palm are estimated reasonably well (r 2 ≥ 0.902).
Application Examples of the Modeling Method
The five sets of typical experimental data in the z h -axis reported by Hempstock and O'Connor (1989) , Hesse (1989) , Kihlberg (1995) , Kinne et al. (2001) , and Marcotte et al. (2005) were used to demonstrate the applications of the proposed modeling method. These data exhibit different characteristics because they were measured in different laboratories under different test conditions. The identified parameters of the model for each set of the experimental data, together with the natural frequencies and damping ratios of each model, are listed in Table 5 . Although some of the parameter values could vary in large ranges (>30%), they are within the limit constraints defined in Eqs. (5)- (7). Consistent with those reported in the earlier studies (Dong et al., 2007; 2009; Dong-JH et al., 2008) , the three natural frequencies lie in three different regions (5.8 to 10.3 Hz, 33.6 to 40.4, and 152.8 to 251.9 Hz). They respectively represent the modes associated with the upper-arm-shoulder, palm-forearm, and the fingers' structures (Dong et al., 2007) . The damping ratios associated with the higher vibration modes generally tend to be higher than those of lower vibration modes. Kinne et al. (2001) reported the magnitude of the mechanical impedance of the entire two handarm systems along the forearm direction. Therefore, the error function based upon magnitude alone (∆ M ) was used for identifying the model parameters, while the applied hand forces were taken as 50 N grip and 100 N push. In order to facilitate the comparison of this model with other models, the parameters listed in Table 5 are considered to represent each hand equally applying 25 N grip and 50 N push. Also different from many other reported experimental data, their data was reported in the 3.15 to 400 Hz frequency range. Such data make the estimations of the low frequency (7.4 Hz) resonance responses more reliable. As shown in Fig. 5 , the estimated magnitude matches reasonably well with the experimental data (r 2 = 0.943, ∆ Min_Magnitude for two hands = 16.6 N-s/m). As expected, the response at frequencies lower than 100 Hz is primarily distributed at the palm side. Therefore, the peak impedance of the entire hand-arm system occurring at about 40 Hz can be mostly associated with the resonance of the palm-forearm substructure coupled with the handle. As evidenced in the phase responses, the fingers and palm move almost exactly in phase at very low frequencies (<6.3 Hz), while large differences could be observed at frequencies above 40 Hz. The large negative phase suggests that the elasticity of the hand-arm system plays a dominant role in the low frequency response.
The total response tactic was used to simulate the responses that include both the magnitude and phase of the mechanical impedance. As shown in (Table 5 ). Figure 8 illustrates the impedance responses of the model derived using the data reported by Hesse (1989) together with the measured data. The measured data reported in this study are largely different from the others at frequencies above 250 Hz. Consequently, when the full range of the data from 10 to 1000 Hz are taken into account, the model exhibits relatively poor agreement with the measured data (r 2 ≤ -0.7, ∆ Min_Magnitude = 183.7 N-s/m, ∆ Min_Phase = 22.6 deg.). The model response, however, agrees reasonably well with the measured data up to 250 Hz (r 2 ≥ 0.918, ∆ Min_Magnitude = 18.7 N-s/m, ∆ Min_Phase = 3.5 deg.). Kihlberg (1995) reported only the real part of the mechanical impedance. Different from many other experiments, a chipping hammer and a grinder vibration spectra were used as excitations in the experiment, which resulted in comparable responses. The data measured under 40 N grip and 50 N push was considered for model identification based on the real component of the response alone (∆ R ). As shown in Fig. 9 , the real part of the model response agrees very well with the experimental data (r 2 = 0.956, ∆ Min_Real part = 10.9 N-s/m).
Discussions
The results of this study (Figs. 2-4) suggest that the driving-point mechanical impedances distributed at the fingers and the palm of the hand can be approximately estimated from the total response of the entire hand-arm system using the 5-DOF model of the hand-arm system. The missing information of the biodynamic responses can also be approximately recovered from the known response components (e.g., magnitude or real part). The modeling method proposed in this study provides a new approach to extend the applications of these experimental data, which may accelerate the quantification and understanding of the distributed biodynamic responses. The models defined in this study can be used to analyze the design of many tools and antivibration devices. The general modeling approach proposed in this study is also applicable for further model development.
The modeling method can also be used to help evaluate the quality of the experimental data. The results of this study demonstrate that the model can reasonably fit to the experimental data that vary over a large range, as shown in Figs. 2-9 . A poor fit to the experimental data would suggest a possible deficiency in the data. For example, the model results, shown in Fig. 8 , do not agree with the experimental data at higher frequencies, which exhibits a rapidly increasing impedance magnitude at frequencies above 250 Hz. The negative values impedance phase response suggests that the elasticity of the structure plays a dominant role in determining the imaginary part of the impedance. This usually occurs in the vicinity of a resonance of the system when a relatively large displacement is excited, as observed at frequencies lower than 100 Hz in Figs. 2-9. At very high frequencies (>500 Hz), however, only the skin of the hand is effectively involved in the response and the skin mass plays the dominant role in the response (Wu et al., 2008) . Therefore, the skin tissues compressed against the handle surface is unlikely to have a large displacement relative to the handle surface. Then, the phase angle should be greater than 0º at such high frequencies, which has also been confirmed from a finite element analysis (Wu et al., 2006) . The negative phase angles of the experimental data at such frequencies could be caused by errors in the measurement system (Dong et al., 2006; Dong et al., 2008b; Adewusi et al., 2008) . The experimental data reported by Hesse (1989) may thus be considered only acceptable in a limited frequency range (up to 250 Hz).
The modeling approach can also be used to help identify possible errors associated with biodynamic response measurements in some cases. For example, some of the measurement errors can be detected by relaxing the limits on M 3 and M 4 in the model identification task. If their values are equal to or less than zero, it suggests that the tare mass cancellation of the instrumented handle used in the measurement could be overestimated and a careful examination of the instrumentation and/or the data processing method would be required. An overestimation of the tare mass could be suspected if M 3 is greater than 40 grams or M 4 is greater than 20 grams. One may also examine the measurement method more carefully if a natural frequency or damping ratio is largely different from the ranges listed in Table 5 .
Although the 5-DOF model can characterize the measured biodynamic responses reasonably well, its implementation for development of a physical hand-arm simulator would pose technical difficulties or high cost. The acceptable experimental data identified in this study can be used to define simplified models for the design of the simulator. Two such model structures are shown in Fig. 10 . Schenk et al. (2001) developed a simulator based on a one-degree-of-freedom (1-DOF) model shown in Fig. 10(a) . The model parameters (Table 6) were re-defined based on the magnitude reported by Kinne et al. (2001) and the phase estimated in the current study. As shown in Fig. 11 , this model can fit to the experimental data reasonably well in a certain frequency range (from 10 to 40 Hz in this case), depending on the selected model parameters. This model may be sufficient if only the dominant frequency of a tool is of concern. At higher frequencies, however, such a model could largely overestimate the effective mass of the handarm system, which is also shown in Fig. 11(a) . This 1-DOF model can be improved by adding an additional DOF, as shown in Fig. 10(b) . The parameters of this 2-DOF model are also listed in Table 6 . The magnitude and phase responses of this model fit the experimental data reasonably well over a much larger frequency range (r 2 = 0.873), as also shown in Fig. 11 . The additional DOF may be physically implemented by inserting a block of rubber or elastic material with high damping property between M 1 and the tool handle, which is actually a simulation of the mechanical function of the hand's palmer soft tissues.
Some of the parameters listed in Table 5 reach their bounds (Eqs.7-9), which suggests that the parameters and the distribution of the biodynamic response could vary with the selected constraints. The selection of appropriate limit constraints is thus equally important to the selection of the appropriate model structure in estimation of distributed biodynamic responses from the total response. The constraints recommended in this study may be applicable for the experimental data measured with the hand forces of 30±15 N grip and 50±15 N, hand and arm postures similar to those defined in ISO 10819 (1996) , and subjects with average body weight and height similar to those of the data used by Dong et al. (2007; 2009) and Dong-JH (2008) . The estimation may not be acceptable if the BR measurement conditions are largely different from these conditions.
Conclusions
This study confirmed that the most reliable approach for the modeling of the biodynamic responses distributed at the fingers and the palm of the hand is to create the model using the experimental data separately measured at the fingers and the palm. Without such information, this study demonstrated that it is acceptable to approximately estimate the distributed responses from the total response using the proposed modeling method with appropriate model constraints. This study also demonstrated that if only the magnitude or real part of the total response is available, its corresponding phase angle or real part can be estimated using the available information using the modeling method. However, the reliability of the estimated distribution varies with the available information. Whereas the reliability of the estimation with the magnitude alone is comparable with that estimated with both the magnitude and phase of the total response, the estimated response is less reliable when only the real part of the mechanical impedance is used. The estimated response distributed at the palm is generally more reliable than that distributed at the fingers. This study also demonstrated that the modeling method can be used to help evaluate the experimental data in some cases. The average inter-subject STD is the average of the inter-subject STDs at the one-third octave band frequencies. The average intra-subject STD is the average of the intra-subject STDs at the one-third octave band frequencies). Table 5 : Parameters of the 5-DOF model shown in Fig. 1 and defined using the experimental data reported by Kinne et al. (2001) , Marcotte et al. (2005) , Hempstock and O'Connor (1989) , Hesse (1989) , and Kihlberg (1995) , respectively. Table 6 : Parameters of the 1-DOF and 2-DOF models shown in Fig. 10 and defined using the magnitude reported by Kinne et al. (2001) and the phase estimated in this study (Fig.  5 ).
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Fig. 1:
The 5-DOF model structure used in this study. Estimations of the mechanical impedances distributed at the fingers and palm of the hand from the magnitude and phase responses reported by Marcotte et al. (2005) .
Fig. 7:
Estimations of the mechanical impedances distributed at the fingers and palm of the hand from the magnitude and phase responses reported by Hempstock and O'Connor (1989) . Estimations of the mechanical impedances distributed at the fingers and palm of the hand from the real part response reported by Kihlberg (1995) . Table 5 Parameter Unit
Data Source
Kinne et al. Frequency (Hz) Phase (deg.)
